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Abstract 

A  continuous  cobalt-based  layered  double  hydroxide  (LDH)  nanosheet  thin-film  electrode  has  been  fabricated  by  drying  a  nearly  transparent 
colloidal  solution  of  cobalt-based  LDH  nanosheets  on  an  indium  tin  oxide  (ITO)-coated  glass  plate  substrate.  The  effects  of  varying  the  A1  content, 
the  film  thickness,  and  the  heating  temperature  on  the  electrochemical  properties  of  the  as-deposited  thin-film  electrode  have  been  investigated. 
A  thin-film  electrode  with  a  Co/Al  molar  ratio  of  3:1,  which  has  a  large  specific  capacitance  of  2500 F cm-3  (833Fg_1)  and  a  good  high-rate 
capability,  shows  the  best  performance  when  used  as  an  electrode  in  thin-film  supercapacitors  (TFSCs).  As  the  thickness  of  the  thin  film  was 
increased  from  100  to  500  nm,  the  specific  capacitance  of  the  thin-film  electrode  remained  essentially  unchanged,  which  is  due  to  the  porous 
microstructure  generated  in  the  original  electrochemical  process  and  the  low  internal  resistance  of  the  thin-film  electrode.  The  specific  capacitance 
of  the  thin-film  electrode  showed  no  observable  change  after  heating  at  160  °C,  but  decreased  on  further  heating  to  200  °C,  indicating  that  the 
electrochemically  active  Co  sites  inside  the  thin-film  nanosheet  electrode  are  already  essentially  fully  exposed  in  the  as-prepared  material  and 
hence  cannot  be  further  exposed  through  heating.  Such  a  thin-film  electrode  made  up  of  nanosheets  may  be  a  potential  economical  alternative 
electrode  for  use  in  TFSCs. 

©  2008  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Interest  in  micro-scale  power  sources,  such  as  thin-film 
batteries  (TFBs)  and  thin-film  supercapacitors  (TFSCs),  has 
risen  in  recent  years  because  of  their  use  as  power  sources 
in  microelectronic  mechanical  systems  (MEMs)  and  nanoelec- 
tronic  mechanical  systems  (NEMs)  [1-11].  TFBs  are  suitable 
for  use  in  most  of  these  devices  as  a  result  of  their  high  energy 
density,  rechargeability,  and  safety  in  operation.  However,  their 
poor  ability  to  deliver  high  power  over  limited  time  intervals  lim¬ 
its  the  applications  of  TFBs  in  some  special  fields  such  as  the 
startup  of  some  MEMs  or  NEMs,  which  require  a  large  burst  of 
power  to  be  delivered  in  a  very  short  time.  To  meet  this  particular 
demand,  the  fabrication  of  high-quality  TFSCs  with  high  power 
density  and  long  cycle  life  has  received  considerable  attention 
in  recent  years  [5-8] . 
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Supercapacitors  (also  called  electrochemical  capacitors)  that 
can  fill  the  gap  between  batteries  and  conventional  dielectric 
capacitors  have  considerable  potential  for  use  in  high  power 
applications  [12,13].  Supercapacitors  may  be  distinguished  on 
the  basis  of  several  criteria  such  as  the  electrode  material  uti¬ 
lized,  the  electrolyte,  or  the  cell  design.  With  respect  to  electrode 
material  there  are  three  main  categories:  carbon,  (hydrous)  metal 
oxides,  and  conducting  polymers  [14] .  To  date,  conducting  noble 
metal  oxides  like  RuC>2  or  IrC>2  are  the  favored  electrode  mate¬ 
rials  for  supercapacitors  [15-19].  Although  RuC>2  gives  high 
specific  capacitance  (as  high  as  1300  Fg-1  [17,18]),  it  has  the 
disadvantages  of  high  cost  and  toxic  nature,  which  limit  its  com¬ 
mercial  applications.  Therefore  other  transition  metal  oxides, 
such  as  amorphous  hydrous  cobalt-nickel  oxides  [20],  MnC>2 
[21],  NiO  [22],  C03O4  [23],  and  Fe3C>4  [24]  have  been  exam¬ 
ined  as  inexpensive  alternatives  to  RuC>2.  In  addition  to  good 
supercapacitor  behavior,  metal  oxides  also  have  the  advantage 
that  they  can  be  readily  made  into  thin  films.  For  example,  RuC>2 
and  C03O4  thin-film  electrodes  have  been  fabricated  for  use  as 
the  electrodes  for  TFSCs  by  a  radio  frequency  (rf)  sputtering 
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method  [5,6].  However,  sputtering  [2,4-6,10]  and  most  of  the 
other  techniques  for  making  thin-film  electrodes,  such  as  pulse 
laser  deposition  (PLD)  [11],  require  high  energy,  high  mate¬ 
rial  consumption,  and  complicated  equipment.  Furthermore, 
using  such  processes  it  is  difficult  to  fabricate  hydrous  metal 
oxides,  which  usually  have  better  supercapacitor  behavior  than 
crystalline  metal  oxides  [15,16].  Thus,  an  alternative  route  to 
synthesize  hydrous  metal  oxide  thin-film  electrodes  which  is 
less  energy  intensive,  more  economical,  and  requires  simpler 
apparatus  is  highly  desirable. 

We  have  recently  suggested  a  simple  strategy  to  fabricate  a 
Co/Al  LDH  nanosheet  thin-film  electrode  with  good  superca¬ 
pacitor  behavior  for  use  in  TFSCs  [25].  In  this  work,  our  aim  is 
to  tailor  the  supercapacitor  behavior  of  the  cobalt-based  LDH 
nanosheet  (Co/Al-LDH  NS)  thin-film  electrodes  prepared  by 
this  procedure.  The  relationship  between  the  chemical  compo¬ 
sition  and  the  electrochemical  properties  of  the  thin  films  has 
been  investigated  in  detail.  The  effects  of  varying  the  thick¬ 
ness  and  the  temperature  of  formation  of  the  thin  film  on  the 
electrochemical  behavior  have  also  been  studied. 

2.  Experimental 

2.7.  Synthesis  of  nitrate  anion-intercalated  cohalt-based 
LDHs  with  varying  Al  content 

Nitrate  anion-intercalated  cobalt-based  LDHs  (Coi_xAlx- 
LDHs)  with  varying  Al  content  x  were  synthesized  by  a  method 
involving  separate  nucleation  and  aging  steps  (SNAS)  [26,27]. 
Water  used  in  all  preparations  was  deionized  with  a  conductance 
below  10-6  Scm-1.  Details  for  a  typical  synthesis  are  as  fol¬ 
lows.  Solution  A:  Co(N03)2-6H20  and  A1(N03)3*9H20  with  a 
Co/Al  molar  ratio  of  2: 1  (i.e.  x  =  0.33)  were  dissolved  in  deion¬ 
ized  water  (150  mL)  to  give  a  solution  with  a  total  metal  ion 
concentration  of  1.0  mol  L-1.  Solution  B:  NaOH  was  dissolved 
in  deionized  water  (150  mL).  The  concentration  of  the  base  was 
related  to  the  concentration  of  metal  ions  in  solution  A  as  fol¬ 
lows:  [OH-]  =  1.9{[Co2+]  +  [Al3+]}.  Solutions  A  and  B  were 
added  simultaneously  to  a  colloid  mill  [26,27]  with  rotor  speed 
set  at  3000  rpm  and  mixed  for  2  min.  The  resulting  slurry  was 
transferred  from  the  colloid  mill  to  a  flask  (500  mL)  and  aged 
at  40  °C  for  6h.  The  precipitate  was  centrifuged  and  washed 
thoroughly  with  deionized  water  until  the  pH  of  the  washings 
was  <8.  The  resulting  solid  was  dried  at  80  °C  for  24  h.  Nitrate 
anion-intercalated  Coi_xAlx-LDHs  with  Co/Al  ratios  of  3: 1  and 
4:1  (*  =  0.25  and  0.20,  respectively)  were  synthesized  using  the 
same  procedure. 

2.2.  Synthesis  of  nitrate  anion-intercalated  cobalt-based 
LDHs  without  Al 

An  NaOH  solution  (0.5  mol  L-1)  was  added  to  a  solution 
of  Co(N03)2-6H20  (l.OmolL-1)  and  NaN03  (5.0molL-1) 
under  a  nitrogen  atmosphere.  The  Co2+  was  partially  oxidized  to 
Co3+  by  subsequent  drop  wise  addition  of  2  mL  of  H2O2  solution 
(10.0  mol  L- 1 ) .  The  reaction  mixture  was  subsequently  heated  at 
40  °C  for  6  h,  washed  several  times  with  hot  deionized  water  until 


the  pH  of  the  washings  was  <8,  centrifuged,  and  the  resulting 
solid  finally  dried  at  80  °C  for  24  h. 

2.3.  Delamination  of  nitrate  anion-intercalated 
cobalt-based  LDHs  with  different  Al  contents 

Samples  (0.1  g)  of  the  as-prepared  powdery  nitrate  anion- 
intercalated  Coi-jcAl^-LDHs  with  *  =  0,  0.20,  0.25  or  0.33  were 
mixed  with  formamide  (100  mL).  The  mixture  was  agitated  vig¬ 
orously  at  85  °C  for  2h.  To  remove  the  unexfoliated  particles, 
the  resulting  pink,  transparent  colloidal  suspension  was  further 
treated  by  centrifugation  at  10,000  rpm  for  20  min.  The  result¬ 
ing  colloidal  suspension  was  very  stable,  and  no  sediment  was 
observed  upon  long-term  standing. 

2.4.  Fabrication  of  cobalt-based  LDH  nano  sheet  thin-film 
electrodes  with  varying  Al  content 

Thin-film  electrodes  with  x  =  0,  0.20,  0.25  or  0.33  were  pre¬ 
pared  by  dropping  500  p,L  of  the  colloidal  formamide  solution 
of  the  corresponding  exfoliated  LDH  nanosheets  (1  g  L-1)  onto 
ITO  substrates  (resistance  <20  Q  cm-2)  with  a  flat  (Ra  =  0.2  nm) 
and  negatively  charged  surface,  which  had  been  previously 
cleaned  by  sonication  in  acetone,  ethanol,  and  doubly  distilled 
water,  and  then  dried  at  80  °C  for  24  h,  to  form  a  film  with  an 
area  of  4.0  cm2.  The  C00.80AI0.20-LDH  NS  thin  film  was  further 
heated  at  160  and  200  °C  in  air  for  2  h. 

2.5.  Characterization 

Powder  X-ray  diffraction  (XRD)  patterns  of  the  samples 
were  collected  using  a  Shimadzu  XRD6000  diffractometer 
under  the  following  conditions:  40  kV,  30  mA,  graphite-filtered 
Cu  Ka  radiation  (A  =  0.15418  nm).  Room  temperature  Fourier 
transform  infrared  (FT-IR)  spectra  were  recorded  in  the  range 
4000-400  cm-1  with  2  cm-1  resolution  on  a  Bruker  Vector-22 
Fourier  transform  spectrometer  using  the  KBr  pellet  technique 
(lmg  of  sample  in  100  mg  of  KBr).  Elemental  analyses  of 
the  as-prepared  LDH  particles  and  nanosheets  were  performed 
with  a  Shimadzu  ICP-7500  instrument.  A  Hitachi  S-4700 
field  emission  scanning  electron  microscope  (FE-SEM)  and 
an  Oxford  Instruments  Isis300  energy  dispersive  X-ray  spec¬ 
trometer  (EDX)  were  employed  to  observe  the  morphologies 
of  the  samples  and  analyze  the  chemical  compositions  of  the 
as-deposited  thin-film  electrodes.  The  accelerating  voltage  was 
20  kV. 

2.6.  Electrochemical  investigations 

The  electrochemical  characterization  of  the  as-prepared 
Coi_xAl^-LDH  NS  thin-film  electrodes  with  different  Al  con¬ 
tent  *  were  investigated  using  cyclic  voltammetry  (CV)  and 
galvanostatic  charge-discharge  experiments.  Beaker- type  half¬ 
cells  were  used  to  characterize  the  electrochemical  properties 
of  the  as-prepared  thin-film  electrode  coatings  on  the  ITO  sub¬ 
strate.  The  electrochemical  cell  consisted  of  a  thin-film  electrode 
with  geometric  surface  area  of  4  cm2  as  working  electrode, 
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a  platinum  wire  as  counter  electrode,  an  Hg/HgO  electrode 
as  reference  electrode,  and  a  6molL-1  KOH  aqueous  solu¬ 
tion  as  electrolyte.  Cyclic  voltammograms  (CVs)  were  recorded 
with  a  scan  rate  of  10  or  100  mV  s-1  in  the  range  0.00-0.60  V 
(vs.  Hg/HgO)  using  a  Zahner  IM6e  electrochemical  worksta¬ 
tion.  The  working  electrode  was  scanned  between  0.00  and 
0.60  V  (vs.  Hg/HgO)  at  a  scan  rate  of  100  mV  s-1  20  times 
prior  to  the  galvanostatic  charge-discharge  experiment  and  the 
galvanostatic  charge-discharge  was  evaluated  with  an  Arbin 
MSTAT4  +  multichannel  galvanostat/potentiostat  in  the  poten¬ 
tial  range  0.00-0.50  or  0.55  V  (vs.  Hg/HgO).  All  measurements 
were  carried  out  at  room  temperature. 

The  volumetric  specific  capacitance  (Cv)  was  measured  by 
galvanostatic  charge-discharge  and  calculated  using  the  formula 
I  x  A t/(S  x  L  x  A  V),  where  I  is  the  discharge  current,  At  is  the 
total  discharge  time,  S  is  the  geometric  surface  area  of  the  elec¬ 
trode,  L  is  the  thickness  of  the  LDH  NS  thin  film,  and  A  Vis  the 
potential  drop  during  discharging.  The  mass  specific  capacitance 
(Cm)  was  calculated  from  CV/TD,  where  TD  is  the  true  density 
of  the  LDH  NS  thin-film  electrode.  According  to  the  literature 
[28],  the  value  of  TD  is  about  3.00 gem-3.  Considering  that 
two-electron  redox  reactions  (from  Co2+  to  Co4+)  are  assumed 
to  take  place  throughout  the  bulk  material,  the  theoretical  spe¬ 
cific  capacitance,  Ct,  was  estimated  by  n  x  F/(M  x  AV)  [29], 
where  n  (=  2)  is  the  number  of  moles  of  charge  transferred  per 
mole  of  Coi-jcAIjrLDHs,  Fis  Faraday’s  constant,  Mis  the  molar 
mass  of  the  Coi_xAlx-LDHs,  and  A  Vis  the  potential  drop  dur¬ 
ing  discharging.  The  utilization  of  Co  is  calculated  on  the  basis 
of  Cm/Ct. 

3.  Results  and  discussion 

3. 1 .  Characterization  of  the  cobalt-based  LDH  nano  sheet 
thin-film  electrodes  with  varying  Al  content 

The  powder  XRD  patterns  of  nitrate  anion-intercalated 
Coi-jcAl^-LDHs  prepared  using  mixtures  with  different  Al  con¬ 
tent  v  are  shown  in  Fig.  1 .  In  each  case,  the  XRD  pattern  exhibits 


Fig.  1 .  Powder  XRD  patterns  of  nitrate  anion-intercalated  Coi-*  Al^-LDHs  with 
different  Al  content  x  (a:  x  =  0;  b:  x  =  0.20;  c:  x  =  0.25;  d:  x  =  0.33). 
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Fig.  2.  FT-IR  spectra  of  Coi_xAlx-LDHs  with  different  Al  content  x  (a:  x  =  0; 
b:  x  =  0.20;  c:  x  =  0.25;  d:  x  =  0.33). 

the  characteristic  reflections  of  LDHs  with  a  series  of  (0  0  /) 
peaks  appearing  as  narrow  symmetric  lines  at  low  angle,  corre¬ 
sponding  to  the  basal  spacing  and  higher  order  reflections.  No 
other  crystalline  phase  was  present.  FT-IR  spectra  (Fig.  2)  of  the 
Coi_xAlx-LDHs  with  different  Al  content  x  showed  absorption 
bands  corresponding  to  the  intercalated  nitrate  anions,  which 
give  a  very  intense  absorption  at  1383cm-1.  The  characteris¬ 
tic  peak  of  carbonate  anions  centered  at  1356  cm-1  was  not 
observed,  suggesting  that  the  amount  of  co-intercalated  carbon¬ 
ate  anions  is  minimal.  A  broad  absorption  peak  centered  at  ca. 
3421  cm-1  can  be  attributed  to  the  stretching  mode  of  hydrogen- 
bonded  hydroxyl  groups  from  both  the  hydroxide  layers  and 
interlayer  water. 

The  Coi-jcAl^-LDH  NS  with  different  Al  content  v  were 
obtained  by  exfoliating  the  as-prepared  Coi_xAlx-LDH  precur¬ 
sors  into  single  layers  in  formamide  solution  [25].  In  each  case, 
a  stable  transparent  pink  colloidal  solution  was  obtained,  which 
is  indicative  of  the  fact  that  the  charge  density  of  the  LDH  layers 
has  no  significant  effect  on  the  delamination  process. 

The  Coi_xAlx-LDH  NS  with  different  Al  content  v  were  used 
as  building  blocks  to  fabricate  thin-film  electrodes.  The  chem¬ 
ical  compositions  of  the  as-deposited  thin-film  electrodes  and 
their  precursors  are  given  in  Table  1 .  The  Co/Al  molar  ratio  in 
each  thin-film  electrode  is  close  to  that  in  the  corresponding 
precursor  nanoparticles  and  nanosheets.  To  characterize  the  sur¬ 
face  morphologies  of  the  as-deposited  thin-film  electrodes  with 


Table  1 

Elemental  analysis  date  (obtained  by  ICP  and  EDX)  for  the  nitrate  anion- 
intercalated  Coi_vAlv-LDHs  with  different  Al  content  x 


Co/Al  molar  ratio  in 
synthesis  mixture 

Co/Al  molar  ratio 

In  nanoparticlesa 

In  nanosheetsa 

In  thin  filmsb 

2.00 

1.85 

1.85 

1.99 

3.00 

2.78 

2.73 

2.73 

4.00 

4.56 

4.48 

4.07 

a  Obtained  by  ICR 
b  Obtained  by  EDX. 
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different  Al  contents,  FE-SEM  was  employed  and  the  results 
are  shown  in  Fig.  3.  It  can  be  observed  that  for  all  the  thin-film 
electrodes,  there  is  a  continuous  microstructure  with  edges  of 
the  nanosheets  only  rarely  being  visible;  this  is  a  result  of  the 
prevalence  of  face-to-face  interactions  and  edge-to-edge  inter¬ 
actions  between  the  neighboring  individual  LDH  nanosheets 
[30,31].  Moreover,  the  surface  roughness  of  the  thin-film  elec¬ 
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trode  without  Al  is  higher  than  that  of  those  containing  Al.  This 
may  be  due  to  the  fact  that  the  particle  size  distributions  of  the 
Coi_xAl^-LDH  precursors  containing  Al  (v>0),  which  were 
synthesized  by  the  SNAS  method,  are  narrower  than  that  for 
the  LDHs  without  Al  (x  =  0),  which  was  synthesized  by  a  con¬ 
ventional  coprecipitation  method  [26] .  In  addition,  the  structural 
stability  of  Coi_xAlx-LDHs  increases  with  the  extent  of  isomor- 


Fig.  3.  FE-SEM  images  in  top  view  (a,  c,  e,  g)  and  cross-sectional  view  (b,  d,  f,  h)  of  the  Coi_xAl^-LDH  NS  thin-film  electrodes  with  different  Al  content  x  (a:  x  =  0; 
b:  x  =  0.20;  c:  x  =  0.25;  d:  x  =  0.33). 
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phous  substitution  of  Co2+  by  Al3+  (i.e.  as  x  increases)  and  the 
Coi-jcAl^-LDH  NS  with  higher  Al  content  are  therefore  more 
stable  during  the  delamination  process.  This  may  be  another  pos¬ 
sible  reason  for  the  minor  variation  with  v  of  the  morphology  of 
the  Coi-jcAI^-LDH  NS  thin-film  electrodes  with  v>  0. 

3.2.  The  effect  of  varying  the  Al  content  x  on  the 
electrochemical  properties 

CV  and  charge-discharge  measurements  were  employed  in 
order  to  investigate  the  effect  of  varying  the  Al  content  on  the 
electrochemical  behavior.  The  CVs  of  the  Coi-^Al^-LDH  NS 
thin-film  electrodes  with  different  Al  contents  at  a  sweep  rate 
of  10  mV  s-1  are  shown  in  Fig.  4.  It  can  be  observed  that  the 
shape  of  the  CVs  shows  a  typical  behavior  of  Co  oxides  [29], 
indicating  that  the  Co  is  the  electroactive  component  and  the 
Al  is  non-electroactive  during  the  charge-discharge  process. 
However,  although  the  Al  is  not  active,  the  partial  isomorphous 
substitution  of  Co2+  with  Al3+  leads  to  a  shift  in  the  oxygen 


Potential/mV  (vs.  Hg/HgO) 

Fig.  4.  Cyclic  voltammograms  of  the  Coi-^AfrLDH  NS  thin-film  electrodes 
with  different  Al  content  x  at  a  sweep  rate  of  10  mV  s-1  (a:  x  =  0;  b:  x  =  0.20;  c: 
x  =  0.25;  d:  x  =  0.33). 


evolution  overpotential  to  a  more  positive  value,  which  helps  to 
improve  the  charge  efficiency  of  the  electrode. 

Constant  current  charge-discharge  profiles  measured  at  dif¬ 
ferent  specific  currents  for  the  Coi_xAlx-LDH  NS  thin-film 
electrodes  with  different  Al  contents  are  shown  in  Fig.  5.  The 
specific  capacitance  as  a  function  of  the  discharge  rate  is  illus¬ 
trated  in  Fig.  6.  As  shown  there,  the  high-rate  capability  of  the 
thin-film  electrode  increases  with  decreasing  Al  content  v.  This 
is  as  expected,  since  Co  is  an  electroactive  material  whilst  Al  is  a 
non-electroactive  material.  Increasing  the  Co  content  decreases 
the  internal  resistance,  which  enhances  the  high-rate  capability. 
Since  Al  has  no  electrochemical  activity,  it  is  to  be  expected 
that  the  theoretical  specific  capacitance  of  the  thin-film  elec¬ 
trode  shows  a  decrease  with  increasing  Al  content  v  (as  shown  in 
Table  2).  In  practice  however,  the  thin-film  electrode  incorporat¬ 
ing  Al  has  a  higher  specific  capacitance  than  that  without  Al.  This 
is  because  although  the  Al  is  not  electroactive,  the  partial  iso¬ 
morphous  substitution  of  Co2+  by  Al3+  favors  the  retention  of  the 
original  layered  structure  during  the  redox  reaction.  Thus,  in  the 
Coi_xAlx-LDH  NS  thin-film  electrodes  containing  Al  (x>0), 
Co  can  be  oxidized  to  a  higher  oxidation  state  in  a  multi-electron 
process.  The  oxidation  reaction  occurs  topochemically  in  the 
layers,  forming  C0O2,  which  can  enhance  the  discharge  specific 
capacitance  of  the  thin-film  electrode  [32,33].  The  utilization 
of  Co  has  also  been  calculated  and  the  results  are  presented  in 
Table  2.  The  Co  utilization  increases  with  increasing  Al  con¬ 
tent  v.  As  mentioned  above,  in  view  of  its  low  cost,  high  specific 
capacitance,  high  utilization  of  Co,  and  good  high-rate  capability 


Table  2 

The  theoretical  specific  capacitance  (Ct),  the  experimental  specific  capacitance 
(Cm)  with  a  discharge  rate  of  10  C,  and  the  Co  utilization  (U)  of  the  Co\-xA\x- 
LDH  NS  thin-film  electrodes  with  different  Al  content  x 


Al  content  x 

Ct  (Fg-1) 

cm  (Fg-1) 

U(%) 

0 

2830 

607 

21 

0.20 

2580 

800 

32 

0.25 

2300 

833 

36 

0.33 

2050 

827 

38 
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Fig.  5.  Charge-discharge  curves  of  the  Coi_x  Al^-LDH  NS  thin-film  electrodes  with  different  Al  content  x  at  different  specific  discharge  currents  (a:  x  =  0;  b:  x  =  0.20; 
c:  x  =  0.25;  d:  x  =  0.33). 


we  think  that  the  thin-film  electrode  with  x  =  0.25  is  eminently 
suitable  for  use  as  the  electrode  in  TFSCs. 

It  should  be  noted  that  the  packed  structure  could  present  an 
obstacle  to  diffusion  of  OH-  ions,  which  would  decrease  the 


Fig.  6.  The  specific  capacitance  of  the  Coi_^Ak-LDH  NS  thin-film  electrodes 
with  different  Al  content  x  as  a  function  of  the  discharge  rate. 


utilization  of  Co.  However,  the  cobalt  utilization  of  the  thin- 
film  electrode  with  x  =  0.25  was  36%,  higher  than  the  value  of 
17%  reported  in  the  literature  for  cobalt  oxides  [34].  This  sug¬ 
gested  to  us  that  the  microstructure  undergoes  a  change  during 
the  redox  reaction.  FE-SEM  was  employed  to  test  this  hypothe¬ 
sis.  As  shown  in  Fig.  7,  the  surface  morphology  of  the  thin-film 
electrode  with  v  =  0.25  became  more  porous  during  the  original 
electrochemical  process  (20  cycles)  and  remained  essentially 
unchanged  during  the  following  redox  reaction.  The  porous 
microstructure  generated  will  facilitate  the  diffusion  of  OH- 
ions  and  hence  increase  the  utilization  of  Co.  Although  the 
microstructure  undergoes  a  change  during  the  redox  reaction, 
the  thin-film  electrode  retains  a  good  electrochemical  stability 
(as  shown  in  Fig.  8),  which  can  be  attributed  to  its  continuous 
microstructure.  Furthermore,  it  can  be  observed  in  Fig.  8  that  the 
thin-film  electrode  with  x  =  0.25  retained  95%  of  its  reversible 
specific  capacitance  up  to  2000  cycles,  whereas  for  the  thin-film 
electrode  without  Al  less  than  90%  of  the  reversible  specific 
capacitance  was  retained  after  the  same  number  of  cycles.  These 
results  further  confirm  that  the  presence  of  Al  in  the  layers,  which 
can  help  to  prevent  the  agglomeration  of  electroactive  Co  ele¬ 
ment,  is  another  key  factor  in  improving  the  electrochemical 
stability  during  the  charge-discharge  processes. 
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Fig.  7.  FE-SEM  images  of  the  C00.75  AI0.25-LDH  NS  thin-film  electrode  after  different  numbers  of  cycles  in  a  CV  test  at  a  sweep  rate  of  100  mV  s  1  (a:  as-deposited; 
b:  1  cycle;  c:  20  cycles;  d:  500  cycles). 


3.3.  The  effect  of  the  film  thickness  on  the  electrochemical 
properties  of  the  thin-film  electrode 

The  thickness  of  the  thin  film,  which  can  affect  the  elec¬ 
trochemical  behavior,  can  easily  be  adjusted  by  increasing  the 


Fig.  8.  The  specific  capacitance  of  the  Coi_xAlx-LDH  NS  thin-film  electrodes 
with  x  =  0  and  0.25  as  a  function  of  the  cycle  number  at  a  discharge  rate  of  90  C. 


deposition  times.  The  specific  capacitance  of  the  Co0.80Al0.20- 
LDH  NS  thin-film  electrode  as  a  function  of  the  film  thickness 
is  shown  in  Fig.  9.  The  diffusion  barrier  for  both  OH-  ions 
and  cations  should  increase  sharply  with  increasing  film  thick¬ 
ness.  However,  the  specific  capacitance  of  the  thin-film  electrode 
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Fig.  9.  The  specific  capacitance  of  the  Coo.so  AI0.20-LDH  NS  thin-film  electrode 
as  a  function  of  the  film  thickness. 
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Fig.  10.  FE-SEM  images  of  the  C00.80AI0.20-LDH  NS  thin-film  electrode  heated  at  different  temperatures  (a:  80  °C;  b:  160  °C;  c:  200  °C). 


showed  almost  no  change  as  the  thickness  increased  from  100  to 
500  nm.  Thus,  we  think  that  the  porous  microstructure  generated 
during  the  original  charge-discharge  process  resulted  in  more 
electrochemically  active  Co  sites  being  in  direct  contact  with 
the  electrolyte.  Moreover,  the  continuous  microstructure  of  the 
thin-film  electrode  can  help  to  decrease  the  internal  resistance, 
which  leads  to  an  improvement  in  the  high-rate  capability. 

3.4.  The  effect  of  heating  temperature  on  the 
electrochemical  properties  of  the  thin-film  electrode 

The  effect  of  varying  the  heating  temperature  on  the  elec¬ 
trochemical  properties  of  the  C00.80AI0.20-LDH  NS  thin-film 
electrode  was  also  studied  in  detail.  The  FE-SEM  images  of  the 
surface  morphologies  of  the  thin-film  electrodes  heated  at  differ¬ 
ent  temperatures  are  shown  in  Fig.  10.  It  can  be  observed  that  the 
surface  morphology  of  the  thin-film  electrode  becomes  rougher 
with  increasing  heating  temperature,  which  can  be  attributed  to 
the  decomposition  of  the  C00.80AI0.20-LDH  NS  thin  film  within 
this  temperature  range.  The  variation  in  specific  capacitance  as  a 
function  of  the  heating  temperature  is  illustrated  in  Fig.  1 1 .  It  can 
be  seen  that  the  specific  capacitance  of  the  thin-film  electrode 
was  unchanged  after  heating  at  160  °C,  indicating  that  the  elec¬ 


trochemically  active  Co  sites  inside  the  thin-film  electrode  were 
already  fully  exposed  in  the  as-prepared  material.  As  the  heat¬ 
ing  temperature  was  raised  further,  decomposition  of  the  layers 
of  the  Co-Al  LDHs  afforded  C03O4,  which  has  good  superca¬ 
pacitor  behavior,  and  C0AI2O4  which  has  no  electrochemical 


Fig.  11.  The  specific  capacitance  of  the  C00.80AI0.20-LDH  NS  thin-film  elec¬ 
trode  as  a  function  of  the  heating  temperature. 
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activity  [35].  This  process  therefore  leads  to  a  decrease  in  the 
amount  of  the  active  component  and  an  increase  in  the  inter¬ 
nal  resistance  of  the  thin-film  electrode,  both  of  which  lead  to 
a  deterioration  in  the  supercapacitor  behavior  of  the  thin-film 
electrode. 

4.  Conclusions 

This  study  shows  that  continuous  Coi_xAlx-LDH  NS  thin- 
film  electrodes  can  be  fabricated  under  mild  conditions.  Varying 
the  Al  content  v  has  a  significant  effect  on  the  electrochemical 
properties  of  the  thin-film  electrode.  The  partial  isomorphous 
substitution  of  Co2+  by  Al3+  is  the  key  factor  in  the  improve¬ 
ment  of  the  electrochemical  behavior.  The  C00.75AI0.25-LDH 
NS  thin-film  electrode,  which  has  a  large  specific  capacitance 
of  2500  F  cm-3  (833  Fg-1),  a  good  high-rate  capability,  and 
low  cost,  is  an  eminently  suitable  alternative  to  materials  cur¬ 
rently  used  as  the  electrode  for  TFSCs.  Increasing  the  thickness 
of  the  thin  film  from  100  to  500  nm  has  no  significant  effect 
on  the  specific  capacitance  of  the  thin-film  electrode,  which 
can  be  attributed  to  the  porous  micro  structure  generated  in  the 
original  redox  reaction  and  the  low  internal  resistance  of  the 
thin-film  electrode.  Heating  the  as-deposited  thin-film  electrode 
at  160  °C  does  not  give  any  further  enhancement  in  supercapac¬ 
itor  behaviour.  This  is  due  to  the  fact  that  the  electrochemically 
active  Co  sites  inside  the  thin-film  electrode  already  have  been 
fully  exposed  in  the  as-prepared  Co/Al-LDH  NS.  This  pro¬ 
cedure  has  the  potential  to  be  a  good  route  to  fabricate  high 
quality  thin-film  electrodes  for  micro-scale  power  sources  using 
electrochemically  active  inorganic  nanosheets. 
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